Introduction
One-hundred-fifty or so Ras proteins are subdivided into Ras, Rho, Arf, Rab and Ran subfamilies. Numerous important biological activities have been ascribed to these groups of GTPases: Ras' regulate cell proliferation, Rhos' control the actin cytoskeleton and Arfs' and Rabs' shape vesicular trafficking. 1, 2 Yet, this is a gross generalization of their functions and it is important to underscore that many different activities are also present within each subfamily. For example, some Ras and Arf family members can directly impinge on the actin cytoskeleton and play a role in cell migration. [3] [4] [5] Individual and careful study of each GTPase The Ras superfamily of proteins consists of five branches: Ras, Rho, Arf, Rab and Ran subfamilies. These proteins are involved in a plethora of biological functions spanning cytoskeletal organization, cell proliferation, transcription and intracellular trafficking. Ras-Binding Domains (RBDs) have classically been identified as autonomous ubiquitin-like folded regions that bind certain activated Ras GTPases of the Ras subfamily. In general, RBDs in many proteins have been tagged with membrane-targeting functions as in the case of the well-characterized c-Raf-RBD/Ras interaction. However, it is becoming apparent that the definition and functions of RBDs need to be revamped in order to reflect the new discoveries associated with this domain. Here, we discuss in more detail the recent advances associated with these RBDs. we highlight research identifying RBDs in formins, eLMOs and the RhoGeF, Syx and discuss the emerging role for RBDs in controlling autoinhibition relief and the newly recognized versatility of RBDs to interact with Rho and Arf family GTPases. In addition, these recent findings raise the exciting hypothesis that functional RBDs remain hidden in the proteome and are ready to be uncovered.
Ras GTPases' interaction with effector domains
Breaking the families' barrier Manishha Patel 1, † and Jean-François Côté 1,2,3, is therefore warranted to uncover the unique roles of distinct GTPases.
In most cases, members of the Ras superfamily act as molecular switches alternating between active, GTP-bound, and inactive, GDP-bound, conformational states. Because of their high affinity for guanine nucleotides and their low intrinsic GTPase activity, at least two classes of regulatory proteins are indispensable for controlling the biological activity of these small GTPases in cells. The guanine nucleotide exchange factors (GEFs) act as positive regulators by promoting the dissociation of GDP from small GTPases and allowing for their reloading with the GTP nucleotide. [6] [7] [8] [9] [10] Inversely, the GTPase-activating proteins (GAPs) recognize GTP-bound G-proteins and enhance their intrinsic GTPase activity to favor the inactive GDP-bound state, therefore acting as negative regulators of the cycle. [11] [12] [13] A third class of regulators, acting only on Rho and Rab G-proteins, are the guanine nucleotide dissociation inhibitors (GDIs). These inhibitory proteins have the double duty of both locking the GTPase in a nucleotide state, most of the time in a GDP conformation, and preventing membrane targeting by masking the membrane targeting signals. [14] [15] [16] [17] [18] [19] It remains an important area of research to determine exactly how GDIs are uncoupled from Rho/Rab GTPases during GEF-mediated activation.
In their active GTP-loaded state, Ras G-proteins can transmit signals by binding to a specific set of proteins termed effectors. The structural basis for such interactions is in many cases now well established: the most significant structural change between the GDP and GTP bound state of a G-protein is a conformational change in two surface loops known as Switch I and Switch II regions. 20, 21 Remarkably, this GTP-induced remodeling of the switch regions increases the affinity of a given GTPase for its own set of specific effectors allowing for physical interaction and signal transduction. 20 number of them, others remain orphan. 32 In fact, it has been postulated that it is unlikely that all RBDs will turn out to be bona fide Ras subfamily effectors. 32 Structurally, the RBD presents itself as a ubiquitin superfold. 28 This structural unit, with a β1-, β2-, α1-, β3-, β4-, α2-and β5-topology, is frequent in the proteome and can be observed within signaling domains such as in the F1 lobe of the FERM domain. 36 Multiple structures of Ras proteins bound to RBDs have been solved and the residues involved in the interaction are identified. In general, most of the contacts on the RBD side involve charged residues of β2 with some residues in β1 and α1 also touching the Ras GTPases. 28, 37 Conversely, charged residues found in β2/β3 (within the Switch I region) of the Ras family GTPase are implicated in contacting the RBDs. 37 Until recently, the RBD was viewed as a Ras subfamily-specific recognition module. Here, we will briefly review a series of recent papers reporting interaction of newly discovered RBDs with affinities for GTPases of the Rho and Arf families.
Unexpected Binding Partners for RBDs: Beyond Ras Proteins
FHOD1 binds Rac-family GTPases via a RBD. FHOD1 is a formin involved in promoting actin polymerization via its formin homology (FH)-1 and FH-2 module. 38, 39 Like several members of this family, FHOD1 exists in a repressed state due to intramolecular interactions between its DID (diaphanous inhibitory domain) and DAD (diaphanous autoregulatory domain) domains 39, 40 (Fig.  1A) . Rac GTPase-binding activity was known to be present in the N-terminus of this formin. Likewise, close family members, Dia-related formins, were well established to bind to RhoA/B/C GTPases via their N-terminus in a manner that facilitated the release of the DID-DAD inhibitory contacts to favor activation of proteins. [41] [42] [43] [44] [45] Schulte et al. therefore opted to use a structural approach to gain insight into how FHOD1 may become activated in cells. 39 Not surprisingly, the DID domain of FHOD1 folded in a manner similar to the related domains in Dia formins and the authors could define a single point mutation capable of disrupting DID-DAD binding therein producing an activated form of FHOD1. Surprising, however, was the discovery that a ubiquitinlike fold forms the region involved in Rac GTPase recognition. As discussed above, this ubiquitin-like domain belongs to the RBD family of motifs and was previously found guilty of mediating interaction with Ras subfamily GTPases. These findings of the interactions between GTPases and their effectors focusing on complexes where structural data are available.
Through various mechanisms, including but not limited to release of auto-inhibition, membrane targeting or direct stimulation of catalytic activity, effector proteins transmit signals leading to the appropriate biological function. What are the structural features of effectors responsible for binding small GTPases? A number of motifs have now been shown to mediate such interaction of effectors with activated Ras family proteins: here, we will discuss in more detail recent advances on the first such domain originally identified in c-Raf and involved in Ras-GTP interaction, the self-titled Ras-Binding Domain (RBD).
Defining Features of the Ras-Binding Domain
Historically, experiments using an activated and oncogenic version of Ras were instrumental to establish the notion that effector proteins are essential to transmit G-protein signaling. 22, 23 Indeed, activated mutants of Ras with point mutations in the Switch I region were unable to transform cells implying that this region in Ras is critical to bind to downstream proteins. 24 Following these observations, evidence that c-Raf acts downstream of Ras was accumulating and the domain mediating the direct interaction between c-Raf and Ras was uncovered: residues 51-131 of c-Raf defined the first effector domain, termed the RBD. [25] [26] [27] [28] [29] Simply put, the role of this interaction is to facilitate the Ras-dependent recruitment of c-Raf to the membrane where it can optimally be positioned for activation by a collection of additional proteins. Despite the minimalism of this signaling event, the Ras pathway, in particular at the level of c-Raf activation, is known to be deregulated in cancer and has been under intense investigation for several decades. 30 The RBD is currently found in a number of signaling intermediates including well-studied proteins such as Rafs', PI 3-kinases and Regulator of G-protein Signaling (RGS). Interestingly, while initially thought to be an additional type of Ras-interacting module, the more abundant RalGDS/AF6 or Ras Association (RA) domain folds comparably to the RBD. 31, 32 This so-called RA domain is found in many proteins including RIN1/2, EPAC and PDZGEF. [33] [34] [35] Here, and in agreement with other reports, we will refer globally to both the RBD and RA modules as the RBD. Interestingly, as of today, more than 90 human proteins are cataloged to contain such RBDs in the SMART database. While partners have been identified for a activate this formin. Searches for structural homologs revealed striking similarity of the RBD of FHOD1 to RBDs of RalGDS and PI 3-Kinase. Homology to the F1 lobe of the FERM domain of Moesin was also noted. It remains unclear as to how the RBD of FHOD1 binds to Rac. No mutagenesis was performed to determine the critical residues responsible for Rac-binding. A prediction would be that it binds to GTPases in a manner similar to Ras/Raf via charged amino acids. Co-crystallization of activated Rac and the FHOD1 RBD domain would be one way to reveal the residues critical to the contact of these molecules. Such therefore established for the first time that RBD domains are not limited to Ras subfamily GTPases in terms of specificity. From a functional point a view, the RBD of FHOD1 is critical for targeting the formin to the membrane upon Rac activation. However, this essential recruitment step is not sufficient to fully activate the formin activity; this is in contrast to Rho-mediated recruitment of Dia1 to the membrane where this appears sufficient to also release DID-DAD interactions 41, 46 (Fig. 1A) . In the case of FHOD1, it is consequently believed that additional steps, such as its phosphorylation by ROCK, 47 are also required to maximally to uncover novel ELMO RBD-binding partners, we identified active Arl4A, an Arf family GTPase, which relied specifically on the conserved ELMO RBD for complex formation. 56 The fact that the Arl4A binding site coincided with that of RhoG led to the discovery of a polyvalent RBD in ELMO that demonstrates cross-selectivity for Rho and Arf family GTPases. 56 Arl4A, a constitutively active GTPase, was found to facilitate the recruitment of ELMO/DOCK180 to the membrane to promote cytoskeletal changes such as actin stress fiber depolymerization and membrane ruffles. 56 The exact biological processes regulated by Arl4A remain poorly understood. So far, using the ELMO RBD as bait, we found that initial screening by the yeast-two hybrid system only gave 2 positive interactions (RhoG, Arl4A) out of 85 tested for which the interaction could be reproduced in cells and were functionally important. When screening additional RBDs, it will be important to take into account that the yeast-two hybrid screens could uncover weak and non-physiological interactions. In these cases, it will be important to perform interaction assays and functional experiments to fully establish the importance of GTPase/RBD coupling. Accordingly, the library of GTPases we generated in the GATEWAY system might prove very useful to rapidly shuttle the GTPases' cDNAs in various expression vectors designed to carry out specific experiments (GST, GFP, TAP-TAG, FLAG, etc.). For example, to assay the specificity of the ELMO/RhoG interaction, we created a library of 85 GST-tagged GTPases in a mammalian expression vector (pDEST27) and rapidly tested the ability of ELMO to bind to all Ras, Rho and Arf family members. In Figure 2C , we show such an example where we screened all the Rho proteins for ELMO-binding. Likewise, we also created a library of 85 eGFP-Rho, eGFP-Ras and ArfeGFP family members to test for GTPases that could recruit ELMO to the membrane in an RBD-dependent manner. These co-localization experiments led us to confirm a specific recruitment of Myc-ELMO1 to the membrane when co-expressed with RhoG and Arl4A (data not shown). A similar library was generated by Tobias Meyer's lab and was successfully used to identify GTPases mediating cytoskeletal changes and activation of PI 3-Kinase signaling. 57, 58 In contrast to our library, traditional cloning would need to be done to swap the Meyer lab's entire library into new vectors.
We have demonstrated that "opening" of ELMO is integral for the biological function of the DOCK180/ELMO tandem during cell migration. 55 However, thus far, the signals that unhinge the closed ELMO molecule evade us. Whether active RhoG or Arl4A can induce direct conformational changes that evoke opening of the ELMO protein remains to be formally determined. In our attempt to study such direct effects of RhoG on ELMO conformation, we were confronted with technical limitations in our ELMO biosensor, namely that the tagging of the N-terminus of ELMO2 with either GFP 10 or Renilla Luciferase II (RLucII) created steric constraints that prevented efficient RhoG/RBD interactions. 55 Structural analysis of a RhoG-GTP/ELMO or Arl4A/ ELMO complex would clarify if this interaction can perturb the closed conformation of ELMO proteins. What we know at this point is that engagement of either Arl4A or RhoG to ELMO targets and tethers the complex to the cell membrane 55, 56 (Fig. 1B) .
an approach may also uncover if there is crosstalk between the RBD and DID (as is the case for Dia1), as such to propose a new hypothesis on the role of Rac-binding with respect to changing the inactive conformation of FHOD1 to an active one. A versatile RBD in ELMO proteins interacts with RhoG and Arl4A GTPases. ELMO proteins interact with a subset of the family of DOCK180 atypical GEFs and contribute to coordinate Rac signaling. 7 These proteins are evolutionarily conserved and recent data in mammalian models highlight that activation of Rac by DOCK180 is required for myoblast fusion and cardiovascular development. 48, 49 ELMO1, in vivo, appears to be a key player in engulfment of apoptotic germ cells in the testes and in the clearance of apoptotic neurons during neurogenesis. 50, 51 At the molecular level, ELMOs couple DOCK180 for Rac activation within various cellular compartments whether at the plasma membrane via small GTPase-binding or integrins/IntegrinLinked Kinase recruitment, or directly to receptors, such as through their interaction with the G-protein coupled receptor, BAI1. 52, 53 When screening for novel partners of activated RhoG, Katoh and Negishi identified ELMO1 and how this RhoG/ELMO complex co-recruited DOCK180 for Rac activation. 54 Mapping studies revealed that a unique extreme N-terminal portion of ELMO is involved in the nucleotide-state specific interaction with RhoG. 54 We recently found that ELMO proteins exist in a closed conformation similar to what is described above for formins such as Dia1 and FHOD1 (Fig. 1B) . These investigations led to the identification of three novel domains involved in controlling the ELMO conformation state. ELMO's newly identified domains consist of the ELMO Inhibitory Domain (EID) and ELMO Autoregulation Domain (EAD), mimicking the formins' DID and DAD function, while the RhoG-binding site on ELMO is defined as a RBD-like domain 55 (Fig. 1B) . Our bioinformatics analyses and structural superimposition model found that the ELMO RBD more closely resembles the ubiquitin-like fold of the FHOD1 RBD and also shares weak sequence homology to the RBDs of c-Raf and PI3-K. 55 We found a similar superfold at the extreme N-terminus of mammalian ELMO and its orthologs in Drosophila and C. elegans, showing its evolutionarily conserved nature in these proteins. Additionally, biochemical analyses of a critical conserved residue (L43 in ELMO1) supported our structural model and further cemented the RBD nature of the ELMO N-terminus. 55 Since we suspected that the RBD domain of ELMO might specifically interact with GTPase(s) other than RhoG to broaden the spectrum of DOCK180-mediated Rac activation, we developed a screening strategy to systematically interrogate the GTPase-RBD coupling. More specifically, we generated a library of cDNA coding for 85 GTPases (covering completely the Ras, Rho, Ran and Arf families) in their active conformation in the GATEWAY system (Fig. 2) . With these tools in hand, we constructed a library of B42 prey constructs compatible with the yeast two-hybrid system to perform interaction screens with RBDs of interest expressed as LexA fusion proteins as shown in Figure 2 56 (these reagents are available to the GTPase community by contacting us directly). Intriguingly, in our attempt ELMO through the RBD and/or adjacent regions. As it is suggested for the formins FHOD1, DAAM1 and partially for Dia, we propose that yet to be identified factors in the form of novel It would also be of interest to test known ELMO-binding partners (i.e., IpgB1, BAI1 and ERM proteins) 52, 59, 60 in the event that these partners are responsible for endorsing the opening of GTPases in an active form (the active GTPase "OMe" of the Ras, Rho, Ran and Arf subfamily of Ras GTPase) using the GATewAY system. In principle, this library can be shuttled into any type of expression vector needed for experimental testing using the appropriate destination vector. (B) we shuttled the library of cDnA in a yeast two-hybrid compatible vector and isolated a novel interaction between eLMO-RBD and Arl4A (see text). This system can be using to identify partners of RBDs or other types of GTPases binding domain. Yeast two-hybrid screening for novel interactions is based on co-transformation of tagged constructs (LexA-RBD and B42-GTPase) in yeast and then grown on selective media. (C) example of shuttling the library to a different expression system; in this case, the cDnAs of the GTPases were recombined in the pDeST27 vector for mammalian cell expression of GSTtagged GTPases. we probed all Rho family GTPases for binding to Myc-eLMO1 and we confirm that activated RhoG is the only Rho GTPase specifically binding eLMO1.
as a release signal for this molecule (Fig. 1C) . It will be exciting to test such models in the future. Interestingly, Syx is not the first identified RhoGEF to contain a RBD. For example, the RBDs of TIAM1/2 act as recognition sequences for activated Ras and such interactions have important consequences for tumorigenesis.
68
What is unique about the Rho-and Arf-Binding RBDs? The work discussed here suggests that a collection of RBDs may currently rest uncovered in the proteome. The crystal structure of a fragment of FHOD1 was instrumental in the discovery of a RBD involved in Rac activation. 39 The detection of the ELMO RBD was possible due to sequence homology to FHOD1. 55 Finally, Manser et al. had to visually inspect the primary sequence of Syx to uncover its RBD. 64 Improving bioinformatics methods to detect RBDs would be of great interest to better understand the signaling networks controlled by Ras-family GTPases.
We began exploring if unique characteristics could be attributed to RBDs binding Rho and Arf proteins in comparison to classical Ras-binding RBDs. Our manual sequence analyses and secondary structure predictions highlight similarities of the FHOD/ELMO/Syx RBDs to the c-Raf RBD, and further accentuates conserved charged and hydrophobic residues in the predicted secondary structure of the ubiquitin fold (Fig. 3) . One difference we could observe in the case of the RBD of ELMO and FHOD1 is the presence of an acidic residue (Asp) at the end of β2 whereas a basic residue is found in c-Raf at this position (Arg), and several other Raf-like RBDs (RGS12_RBD1/2 and RGS14_RBD1/2) contain a Lys. 31, 32 We also noted that α1 tends to contain more hydrophobic residues in comparison to Raf1 (Fig. 3) and a panel of other RBDs (not shown). The identification of novel RBDs binding Rhos and Arfs would provide a better framework to clearly establish what is unique about these interactions. Crystallizing complexes of novel RBDs bound to GTPases may also uncover whether the binding mode is identical to canonical RBDs' binding to Ras or if special requirements have evolved.
Interestingly, the RBD domain of Grb14, a member of the Grb7-family of adaptor proteins, was recently shown to bind Rab5 in a nucleotide-dependent manner. 69 This raises the exciting possibility that selected RBDs could also be specifically interacting with Rab family members therefore extending the functionality interactors and/or post-translational regulation, contribute to unlock ELMO in a spatio-temporal manner.
A previously unidentified RBD in Syx specifically binds to the Rho family member Rnd3. Syx, also referred to as GEF720/ PLEKHG5/TECH, is a member of the Dbl RhoGEF family. [61] [62] [63] In vivo studies demonstrate that Syx plays an important role during neuronal cell differentiation and zebrafish development. 62, 64 Structurally, Syx is a multidomain protein where a zinc-finger domain is present at the N-terminus and a Dbl HomologyPleckstrin Homology (DH-PH) module is found centrally 64 (Fig.  1C) . The enzymatic activity of Syx relies on the DH domain and has been shown to catalyze nucleotide exchange specifically on RhoA. 64 Interestingly, the Manser lab discovered, through copurification, that Syx is also a Rnd3-associated protein.
64
Rnd3 is labeled as an atypical Rho GTPase, diverging from most conventional GTPases in that it does not require catalysis via GEFs for activation. Rather, the Rnd branch of Rho GTPases (Rnd1-3) has low intrinsic GTPase activity and is thus found primarily in a GTP-bound active conformation. 65, 66 It would seem plausible that Syx would act as a GEF for Rnd3 in this case. However, Goh and Manser found that Syx is rather an effector for Rnd3 signaling and acts as a stabilizing agent for Rnd proteins. 67 Such a GTPase cascade, Rnd3→Syx→RhoA-GTP is reminiscent of the signaling by RhoG and Arl4 to activate Rac via recruitment and activation of the ELMO/DOCK complex. Intriguingly, visual inspection and manual sequence alignments led the authors to conclude that Syx contains an ubiquitin-like RBD involved in Rnd3-binding (Fig. 1C) . Importantly, mutation of key residues in the Syx RBD, correlating with the Raf1 side chains responsible for Ras-binding, abolished Syx-Rnd3 complex formation. Much like for the RBDs of ELMO and FHOD1, the RBD of Syx provides additional evidence for the ability of RBDs to interact broadly with activated GTPases.
Furthermore, Goh and Manser's biochemical results indicated that a N-terminal truncation mutant rather than full-length Syx bound more intensely to Rnd1/3, suggesting that structurally Syx may exist in an autoinhibited conformation that is relieved when the C-terminal portion of Syx is deleted 64 (Fig. 1C) . It is quite possible then that at basal level, Syx exists in an autoinhibited conformation and Rnd1/3 binding to the Syx RBD may act Figure 3 . Sequence homology in the RBDs of eLMO, c-Raf1, FHOD1 and Syx. Secondary structure prediction and sequence comparison between c-Raf1, FHOD1, eLMO-family proteins and Syx indicates an evolutionarily conserved Ras-Binding Domain (RBD) characterized by the presence of a ubiquitin-like subdomain. eLMO secondary structure was predicted with Jpred3. FHOD1 (Protein Data Bank ID code 3DAD) and Raf1 (Protein Data Bank ID code 1GUA) structures were used for the manual alignment with the eLMO RBDs. Conserved hydrophobic residues are highlighted in yellow, and conserved positively and negatively charged residues are indicated in blue and purple, respectively. Green residues depict the conserved Leucine residue in the eLMO proteins shown to be critical for RhoG and Arl4A GTPase binding. Charged residues in c-Raf involved in contacting Ras are shown in red. Residues highlighted in bold lettering indicate sequences that fold as helical. Asterisks indicate residues in Syx suggested to be involved in GTPase binding. e indicates β strand, H indicates α-helical.
interrogate RBD/GTPase interaction (Fig. 2) . Collectively, with each new discovery of RBD-containing proteins, we are getting closer to a clearer understanding of their regulation and biological functions.
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of the RBD domain. Likewise, it was also recently observed that the Lobe 1 (L1) of the FERM domain of Krit1, a region known to fold as a ubiquitin-like domain, is involved in binding to active Rap1. Structural studies also uncovered that the F2 lobe of the Krit1 FERM domain also contributes to this interaction. 70 Globally, this finding suggests that a subset of FERM domains could act as RBD-like domains and further broaden mechanisms of GTPases' signaling.
Conclusions
Studying the expanding realm of RBDs highlights the truly divergent nature of these domains. This is true not only in terms of structure, but also in effector binding and biological function. It remains to be determined whether a clear signature in RBDs exists that will establish if a RBD will bind GTPases, and if so, which ones. For this, we herein describe a library of cDNAs coding for all GTPases of the Ras, Rho, Ran and Arf families in their active form that can be used to systematically
